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The Rate-Limiting Mechanism for the Heterogeneous Burning of 
Cylindrical Iron Rods 
ABSTRACT: This paper presents the findings of an investigation into the rate-limiting mechanism for 
the heterogeneous burning in oxygen under normal gravity and microgravity of cylindrical iron rods.  The 
original objective of the work was to determine why the observed melting rate for burning 3.2-mm 
diameter iron rods is significantly higher in microgravity than in normal gravity.  This work, however, 
also provided fundamental insight into the rate-limiting mechanism for heterogeneous burning.  The 
paper includes a summary of normal-gravity and microgravity experimental results, heat transfer analysis 
and post-test microanalysis of quenched samples.  These results are then used to show that heat transfer 
across the solid/liquid interface is the rate-limiting mechanism for melting and burning, limited by the 
interfacial surface area between the molten drop and solid rod.  In normal gravity, the work improves the 
understanding of trends reported during standard flammability testing for metallic materials, such as 
variations in melting rates between test specimens with the same cross-sectional area but different cross-
sectional shape. The work also provides insight into the effects of configuration and orientation, leading 
to an improved application of standard test results in the design of oxygen system components.  For 
microgravity applications, the work enables the development of improved methods for lower cost 
metallic material flammability testing programs.  In these ways, the work provides fundamental insight 
into the heterogeneous burning process and contributes to improved fire safety for oxygen systems in 
applications involving both normal-gravity and microgravity environments. 
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Introduction 
This work presents the major findings of a research project relating to burning metallic materials 
in microgravity and normal gravity environments.  The objective of the work was to explain why 
burning metallic materials typically exhibit a higher melting rate in microgravity compared to 
normal gravity (under otherwise similar test conditions).  However, through the investigation of 
this problem, significant insight was also gained into the heterogeneous burning process in 
general, which is relevant to both microgravity and normal gravity environments.  This paper 
provides a summary of heat transfer analysis, microanalysis of quenched microgravity samples 
and burn test results and analysis.  The results are shown to provide insight into the rate-limiting 
mechanism for melting (and burning) for metallic materials. 
 
Background 
Flammability is not an inherent material property, but is instead dependent on factors including 
specimen shape, size, composition, configuration and orientation, oxygen pressure and 
concentration, and many other parameters [1-4].  Flammability is therefore assessed in 
standardized tests, such as ASTM G124-95.  Relative flammability rankings of different 
materials are primarily based on threshold pressure, which is the minimum pressure required to 
support self-sustained burning.  However, since testing is only performed at discrete scheduled 
pressure intervals, threshold pressure information is often insufficient to distinguish between 
materials with similar flammability limits.  Therefore, as a secondary consideration, materials 
with the same threshold pressure are often ranked according to regression rate of the melting 
interface (RRMI2), which is a measure of melting rate and burning rate (with assumptions about 
geometry and reaction extent) [5].  RRMI is therefore an important parameter in assessing the 
                                                 
2 RRMI is defined as the rate at which the external (visible) boundary of the SLI proceeds along a test specimen. 
flammability of metallic materials and investigating the factors that affect RRMI contributes to 
an improved fundamental understanding of the processes involved. 
 Metal flammability experiments conducted in microgravity by Steinberg et al. [6-10] 
clearly demonstrated that gravity level affects both threshold pressure and RRMI.  For some 
metals, lower threshold pressure values were obtained in microgravity than in normal gravity [8-
10].  Also, RRMI was consistently observed to be higher in microgravity than in normal gravity 
and, for iron, by a factor of between 1.5 and two [6-10].  These results showed that metals are 
typically more flammable in microgravity than in normal gravity (when flammability is indicated 
by threshold pressure and RRMI).  This discovery raised doubts about the validity and safety of 
applying the results of standardized flammability tests – which are typically performed in normal 
gravity – to material selections for spacecraft.  The cause of higher RRMI values for metals 
burning in microgravity has not been clarified, although it is thought to relate to the retention of 
molten material (since periodic droplet detachment does not occur in microgravity) and the 
associated accumulation of thermal energy and/or altered droplet shape.  The work presented in 
this paper aims to clarify the cause of the increase in RRMI in microgravity and, through this, to 
provide insight into the heterogeneous burning process. 
Importance of the Solid Liquid Interfacial Surface Area  
An early indication that altered interfacial geometry between solid and liquid phases may affect 
RRMI arose during analysis of the influence of sample orientation.  Benning et al. [11] compared 
tests in which burning propagated upward and downward along vertical aluminum test 
specimens.  Although only burn/no burn results were recorded (and no RRMI data), clear 
differences in flammability limits were observed between upward burning and downward 
burning samples.  It was also noted that the upward burning configuration “allowed the molten 
slag and burning metal to fall away from the test specimen, giving more reproducible results” 
[11].  This suggests that altering the way the molten material interacts with the solid specimen 
can affect flammability limits. 
 Sato et al. [12] also investigated upward and downward burning configurations.  
Fig. 1 (a) shows the position of the SLI throughout tests at various pressures and in upward and 
downward burning configurations.  The gradients of these plots represent instantaneous RRMI.  
The larger variability in instantaneous RRMI in the downward burning configuration (at pressure 
0.5 MPa) is clearly visible in Fig. 1 (a), consistent with the observations reported by Benning et 
al.  There is also a large difference in instantaneous RRMI between upward and downward 
burning configurations at pressure 0.5 MPa.  Fig. 1 (b) presents average RRMI results at various 
pressures in upward and downward burning configurations.  Sato et al. noted that it was difficult 
to track the SLI in the downward burning configuration, since the molten material ran down the 
side of the test specimen; however, despite this, there is an obvious difference in RRMI between 
the two orientations.  These results are of interest because they demonstrate that simply igniting a 
uniform sample at the top instead of the bottom caused a large difference in RRMI for all other 
test parameters constant.  This suggests that the geometric change may have caused the large 
difference in RRMI.  Indeed, Sato et al. later concluded that the ratio of contact area (between 
liquid and solid metal) to the sample cross-sectional area “is an important parameter for 
discussing fire spread mechanisms” [13].  In this paper, the importance of SLI surface area and 
its affect on RRMI is analyzed and discussed in more detail. 
 
  
        (a)              (b) 
Fig. 1 – Upward and downward burning configurations for mild steel, from [12].  
 
Previous Work on the Rate-Limiting Mechanism 
Further insight into the factors that influence flammability is obtained by determining the rate-
limiting mechanism.  Of the many physical and chemical processes that occur during burning, 
the rate-limiting mechanism is the most restrictive.  Benz et al. [14] interpreted the existence of a 
region of melted but unoxidized iron (within the burning droplet) as an indication that fluid 
velocities within the molten droplet were low (i.e. no mixing).  Thus, the authors concluded that 
the incorporation and transport of oxygen was the rate-limiting mechanism.  However, the 
existence of a separate unoxidized iron phase does not necessarily imply that fluid velocities are 
low, because Wilson et al. [15] showed that, since the surface tension of iron is higher than that 
of iron oxide, there may be “multiple immiscible liquid phases” present within the molten 
droplet.  Thus, strong convective cells may exist within each phase, even though mixing may not 
occur.  Sato et al. [13, 16] also reported that the incorporation of oxygen at the surface of the 
molten droplet was the rate-limiting mechanism, in agreement with Benz et al.  In contrast, 
Steinberg et al. [7, 17-20] clearly showed that the molten droplet contains excess oxygen (above 
the highest possible stoichiometric requirement for burning), which suggested that oxygen 
incorporation was not rate-limiting.  Instead, the rate-limiting step was thought to be the reaction 
between oxygen and iron at the iron/iron oxide phase boundary and, hence, the energy supply 
rate to the solid.  Dreizin [21] noted that the differing views offered by Sato et al. and Steinberg 
et al. were not necessarily inconsistent, and could be related to the different experimental 
methods used.  Clearly, current understanding indicates that the rate-limiting mechanism for 
heterogeneous burning is related to either the energy availability or the process of heat transfer 
between the molten droplet and the solid rod; however, the exact mechanism has not been shown 
conclusively.  Yet this information is vital to improve the understanding of how various 
parameters affect the RRMI and burning in general.  This paper contributes to an improved 
understanding of heterogeneous burning by identifying the rate-limiting mechanism for burning 
iron. 
Heat Transfer Analysis 
A simple heat transfer analysis was performed by Ward et al. [22-24] to model the potential 
affect on RRMI of any change in SLI surface area in microgravity.  The analysis was based on 
an energy balance along the SLI, which equated heat input from the molten/burning droplet to 
the sensible and latent absorption of heat in the solid rod.  A brief summary is presented. 
Melting of the solid metal occurs as a result of heat transfer from the high temperature, 
liquid metal/oxide region.  The rate of heat transfer across the SLI,Q , is defined as the integral 
of incoming heat flux, q , over the surface area of the SLI, ASLI: 
 
(1) 
 
∫= SLIdAqQ 
Making the simplifying assumption that heat flux is constant over the SLI, Equation 1 can be 
written: 
 
(2) 
 
Energy input into the solid metal can be expressed in terms of melting rate.  Heat transfer 
rate,Q , is equal to the product of mass flow rate and the sum of sensible and latent energy terms.  
It represents the energy required to raise the temperature of the solid metal from ambient, T0, to 
the melting temperature, TM, and complete the phase change from solid to liquid.  As described 
in previous work [22], heat transfer rate to the solid can be expressed in terms of thermo-physical 
properties (density, ρ, specific heat, CP, and latent heat, λ), sample cross-sectional area, S, and 
RRMI, vRRMI: 
 
(3) 
 
It is reasonable to equate the energy transferred into the SLI from the liquid phase 
(Equation 2) to the energy entering the solid phase (Equation 3), which gives: 
 
(4) 
 
It is commonly assumed that the SLI is planar and perpendicular to the rod centerline axis 
[15, 25].  Under this assumption, the surface area of the SLI, ASLI, is (by definition) equal to the 
sample cross-sectional area, S, meaning these terms are eliminated from either side of 
SLIAqQ  =
( )( )[ ] RRMIMP SvTTCQ λρ +−= 0
( )( )[ ] RRMIMPSLI SvTTCAq λρ +−= 0
Equation 4, giving: 
 
(5) 
 
This result wrongly implies that, for a given material and constant ambient temperature, changes 
in RRMI can only be due to changes in heat flux, q .  It has been shown that, especially in 
microgravity , but also in normal gravity in the case of altered sample cross-sectional shape [27], 
that the SLI can attain a convex, asymmetric, three-dimensional shape.  By assuming a planar 
and perpendicular SLI, the effect on heat transfer rate of increased SLI surface area is ignored (as 
there is no ASLI term in Equation 5).  In this way, the assumption of a planar SLI can in some 
cases represent an unrealistic over-simplification of the heat transfer process, causing insight and 
information to be lost.  If this assumption is not made, then Equation 5 can be rewritten, retaining 
the area terms from Equation 4: 
 
 
    
 
 
(6) 
 
When RRMI is expressed as shown in Equation 63, it is clear that changes in melting rate can be 
                                                 
3 It is possible to further expand Equation 6 by representing the heat flux term with the conduction heat transfer 
expression, based on the temperature difference between the reaction zone and the melting temperature (at the SLI), 
and an assumed effective heat transfer coefficient.  For simplicity, this work is not presented here. 
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caused by changes in heat flux and/or changes in SLI surface area, for a given material and 
constant ambient temperature.  This means melting rate is sensitive to variations in total SLI 
surface area, which is dependent on the three-dimensional SLI shape.  This result demonstrates 
the importance of SLI geometry and its influence on melting rate.  This is consistent with the 
earlier conclusion of Sato et al. [13], who noted that the ratio of heat transfer surface area (in this 
case, ASLI) to sample cross-sectional area is an important parameter for discussing fire spread 
mechanisms. 
Importantly, this analysis predicts a proportional relationship between the SLI surface 
area to sample cross-sectional area ratio and RRMI.  There are no explicitly gravity-dependent 
terms in Equation 6 and it can be validly applied for a first-order analysis in both normal gravity 
and microgravity.  In this way, it is not specified exactly how a change SLI surface area is 
obtained, merely that any change in the ratio of SLI surface area to cross-sectional area will have 
a proportional affect on RRMI.  Following this result, experimental work was undertaken to 
determine (a) if the SLI shape was significantly different (i.e. not planar) in microgravity and (b) 
whether this correlated in an approximately proportional sense with an observed increase in 
RRMI. 
 
Results and Analysis 
Microanalysis of Quenched Samples 
This section is an overview of microanalysis results that are presented in more detail in other 
publications by Ward and Steinberg [23, 28, 29].  The purpose of the work was to obtain 
quenched samples of iron rods burning under microgravity conditions in order to confirm the 
existence of altered solid/liquid interfacial geometry and quantify the extent of the change in SLI 
surface area.  Testing was performed in a ground based, 2-s drop tower facility operated by the 
Queensland University of Technology, Brisbane, Australia.  Onboard the microgravity 
experimental apparatus, 3.2-mm diameter iron rods were burned inside a high-pressure oxygen 
test system and extinguished by immersion in a water bath.  After each microgravity test, the 
quenched specimen was recovered from the water bath, embedded in a resin block, polished to 
expose the SLI cross-section, etched with 2% nitric acid and then viewed under magnification.  
This produced images similar to that shown in Fig. 2, which revealed four distinct zones: 
thermally unaffected metal, heat affected metal that never melted (heat affected zone), melted 
and resolidified (but unoxidized) metal and a thin layer of oxide.  The boundary between the heat 
affected zone and the unoxidized metal that melted and resolidified is the SLI, and, as shown in 
Fig. 2, the interface is highly curved, which verifies the existence of a convex SLI in 
microgravity. 
 
 
 
Fig. 2 – Microscopy image of 3.2 mm diameter iron rod that burned in oxygen at pressure 2.21 
MPa (320 psia) under microgravity conditions and was quenched by immersion in water. Note 
highly convex SLI shape. 
 
 To quantify the extent of the change in SLI surface area, it was necessary to obtain a 
three-dimensional view of the SLI.  Using the iterative process described in more detail in [28], 
photographs similar to that shown in Fig. 2 were obtained on multiple planes throughout each 
sample.  Like assessing topography through contours on a map, a three-dimensional 
representation of the SLI was created.  A numerical method was then used to estimate the area of 
the three-dimensional SLI surface.  This SLI surface area analysis process was repeated multiple 
times per sample to estimate the error magnitude (by standard deviation).  The estimated SLI 
surface areas are presented in Table 1.  In the table, the Area Ratio represents the ratio of the 
estimated microgravity SLI surface area to the cylindrical rod cross-sectional area.  For the 3.2-
mm diameter test specimens used, the cross-sectional area was 8.0 mm2.  Since the normal-
gravity SLI has been shown to be approximately planar and perpendicular to the test specimen 
centerline axis, the rod cross-sectional area is therefore a good approximation of the normal-
gravity SLI surface area [14, 15, 25].  Consequently, the Area Ratio values presented in Table 1 
can be considered equivalent to the ratios of microgravity SLI surface area to normal-gravity SLI 
surface area.  In this way, the Area Ratio values represent the proportional change in SLI surface 
area due to a change in gravity level.  The estimated areas and area ratios appear closely 
grouped, and a dependence on pressure is not apparent.  The average SLI surface area ratio is 
1.65 with a standard deviation of 0.11.  Subsequent work then focused on determining whether 
this change in SLI surface area in microgravity correlated with the observed increase in RRMI, 
as predicted by Equation 6. 
 
Table 1 – Estimated SLI Surface Areas for 3.2-mm Diameter Iron Rods Burning in Microgravity 
Sample 
Pressure 
(MPa/psia) 
Estimated SLI Surface 
Area (mm2) 
Area Ratio 
1 5.87 (850) 12.5 ± 0.20 1.55 ± 0.05 
2 6.18 (895) 12.3 ± 0.41 1.52 ± 0.08 
3 3.31 (480) 13.0 ± 0.78 1.61 ± 0.13 
4 3.59 (520) 14.6 ± 0.88 1.81 ± 0.15 
5 3.97 (575) 13.3 ± 0.80 1.65 ± 0.13 
6 2.28 (330) 14.1 ± 0.40 1.75 ± 0.08 
7 2.21 (320) 14.2 ± 0.27 1.77 ± 0.07 
8 2.25 (365) … … 
9 2.73 (395) 12.6 ± 0.76 1.56 ± 0.12 
10 3.73 (540) … … 
 
RRMI Test Data 
The experimental techniques used to obtain RRMI data in microgravity and some initial results 
are described extensively in a previous publication by Ward et al. [22].  The experiment 
performed was referred to as a ‘Transition Test’, since burning was observed during a transition 
in gravity level from normal gravity to microgravity.  A 3.2-mm diameter cylindrical iron rod 
was ignited in normal gravity and allowed to burn (in an upward burning configuration) for 
approximately 2 s, then, whilst burning continued, it was introduced into microgravity for a 
further 2 s.  This type of test was well-suited to a drop tower facility, which provides a step 
change in gravity level (over a period of 0.05 s) from normal gravity to microgravity.  These 
tests were significant because, in addition to confirming that RRMI is higher in microgravity, 
they clearly showed that the change in RRMI occurs very rapidly after the reduction in gravity 
level.  The increase in RRMI was apparent approximately 0.05 to 0.1 s after the onset of 
microgravity and occurred over the same time-scale as the change in molten droplet shape from a 
‘tear-drop’ shape (stretched by gravity) to a spherical shape.  That is, a change in RRMI was 
observed when there was a large change in the bulk shape of the molten material, consistent with 
a link between droplet shape and RRMI.  Further, it was shown that changes in other system 
parameters such as temperature or the rate of energy release could not account for such a rapid 
increase in RRMI at the onset of microgravity.   
 Some tests were also conducted at constant gravity level, both in normal gravity and 
microgravity.  Tests were performed over a range of pressures from 1.4 MPa (200 psia) to 
6.9 MPa (1000 psia).  The RRMI data obtained from all tests are plotted in Fig. 3.  Error bars 
represent an estimated 8% error, which was obtained by summing individual error terms (scaling 
error and visual interrogation errors) in quadrature.  Previously published data by other 
researchers are also shown for comparison and there is general agreement at both gravity levels, 
consistent with usual experimental variations. 
 
 Fig. 3 – Summary of RRMI Data Obtained in normal gravity and microgravity.  Hollow markers 
included for comparison to previously published data for iron [7, 9, 10, 27, 30, 31]. 
 
Discussion 
Comparison of RRMI Data and SLI Surface Area Results 
A general sense of the effect of microgravity on RRMI for burning iron is obtained through 
further manipulation of the bold trend lines (for normal gravity and microgravity test data) in 
Fig. 3.  Statistical regression is used to produce an expression for each of the trend lines and, 
since the proportional increase in RRMI between normal gravity and microgravity is of interest, 
it is relevant to take the ratio of these expressions (i.e. divide the microgravity trend line 
expression by the normal gravity trend line expression).  The elegant result is presented 
graphically in Fig. 4.  The resulting line provides an indication of the general increase in RRMI 
under microgravity conditions and it clearly shows that the ratio of microgravity RRMI to 
normal-gravity RRMI remains almost constant at a value of 1.8 over the range of pressures 
considered, within the experimental error bounds.  The error bounds are based on the standard 
error terms (the differences between experimental data points and the trend line values) for both 
normal gravity and microgravity trend lines.  The error bounds are wider at lower pressures 
because the standard error (expressed in absolute terms) is a larger proportion of the smaller 
RRMI values (at low pressure).   
 
Fig. 4 – Ratios of microgravity to normal-gravity SLI surface areas and RRMI. 
An important question is whether the change in SLI surface area correlates with the observed 
change in RRMI in microgravity, as predicted in the heat transfer model (Equation 6).  To assess 
the correlation, the Area Ratio data points from Table 1 are plotted alongside the RRMI ratio line 
in Fig. 4.   As is clearly evident in Fig. 4, the SLI surface area ratios lie within the RRMI ratio 
error bounds and are similarly independent of pressure, although some scatter is apparent.  The 
area ratios generally lie between the fitted RRMI ratio and the lower RRMI error bound.  Thus, 
there is excellent agreement between the microgravity to normal-gravity RRMI ratios and SLI 
surface area ratios, although the SLI surface area ratios are generally slightly smaller.  This 
suggests that the change in SLI surface area accounts for most – but not all – of the variation in 
RRMI.  This is consistent with either (a) a dependence of RRMI on SLI surface area to an 
exponent greater than one, or (b) the action and influence of one or many secondary factors that 
affect RRMI in addition to a change in SLI surface area, such as an increase in droplet 
temperature.  However, it can be concluded that the dominant factor that causes the change in 
RRMI at the onset of microgravity is the change in SLI surface area between normal gravity and 
microgravity.  Further, a proportional relationship between RRMI and the ratio of SLI surface 
area to cross-sectional area is a good approximation. 
In Fig. 4, it is highly noteworthy that the ratio of microgravity RRMI to normal-gravity 
RRMI is apparently independent of pressure.  The change in SLI surface area is shown to be 
similarly independent of pressure.  It is proposed that the absence of a pressure dependency is 
related to the change in SLI shape being driven by surface tension forces (between the molten 
droplet and the solid metal at the SLI).  These surface tension forces are suddenly unopposed by 
droplet weight at the onset of microgravity, with most other aspects of the heterogeneous burning 
process remaining unchanged.  By extension, if the change in SLI shape is driven by surface 
tension forces then, since the magnitude of the change is apparently independent of pressure, the 
magnitude of the forces that caused the change must therefore also be independent of pressure.  
Significantly, at the external boundary of the SLI (where the outer edge of the droplet attaches to 
the solid), where the surface tension forces act to change the attachment geometry between liquid 
and solid phases, the temperature is and must be, by definition, constant at the solid’s melting 
temperature (which is independent of pressure).  Further, since the surface tension is primarily 
temperature dependent, this value would be expected to remain constant at the outer edge of the 
SLI, regardless of pressure.  Therefore, even though the maximum droplet temperature may 
increase with increased oxygen pressure, this variation cannot change either the temperature or 
the surface tension at the SLI.  Thus, it has been shown that the SLI shape and area changes in 
microgravity, and, further, Fig. 4 indicates that the magnitudes of these changes are independent 
of pressure, which is consistent with a constant surface tension ‘driving force’ (for shape change) 
at the SLI. 
 
Rate-Limiting Mechanism 
An important result from the transition tests was that a rapid change in RRMI occurred at the 
onset of microgravity and this was accompanied by a rapid change in the bulk shape of the 
molten droplet.  The change in RRMI was shown to be almost entirely due to the change in SLI 
surface area at the onset microgravity.  It is useful to consider this in relation to the rate-limiting 
mechanism.  In earlier work by Steinberg et al. [7, 8, 10], it was shown that surface tension 
induced convection (which is not dependent on gravity level) provides sufficient mixing of fuel 
and oxidizer to enable burning to continue in microgravity.  This implies that transport 
phenomena and, by extension, the basic physical and chemical processes of burning are 
generally similar in microgravity and normal gravity (at least during the first 0.05 to 0.1 s 
following the reduction in gravity level over which the change in RRMI was observed during the 
Transition Tests).  Therefore, since burning provides the energy supply that causes melting and 
since the burning phenomena remain generally unchanged in microgravity, the energy supply 
available within the burning droplet in normal gravity must be similar to that available in the 
early stage of microgravity and sufficient to cause melting at the higher RRMI subsequently 
observed in microgravity.  That is, the energy supply rate available within the burning droplet 
and its ability or ‘potential’ to cause melting of the solid rod was similar at both gravity levels 
(over the short period of time near the transition in gravity level).  This consideration provides 
great insight into the burning process because, despite there being almost no change in the 
burning phenomena after the onset of microgravity, a rapid change in RRMI was observed, due 
to increased contact surface area between liquid and solid phases at the SLI.  In this way, 
although a sufficient energy supply was available and the ‘potential’ for a higher RRMI existed 
in normal gravity, this ‘potential’ was only realized when the SLI surface area increased at the 
onset of microgravity.  Clearly, heat transfer across the SLI limited the RRMI in normal gravity 
and a rapid increase in SLI surface area at the onset of microgravity (due to the large change in 
SLI shape) allowed for a proportional increase in RRMI (through increased total heat transfer 
rate).  These results indicate that heat transfer across the SLI is the rate-limiting mechanism for 
the melting, during burning, of cylindrical iron rods in microgravity and during a transition in 
gravity level from normal gravity to microgravity.  Since melting is a critical process to burning 
(melting provides the liquid fuel source), heat transfer across the SLI is therefore the rate-
limiting mechanism for burning, limited specifically by the SLI surface area. 
 
Applications – Normal Gravity 
Whilst the results clearly indicate that the SLI surface area available for heat transfer limits the 
RRMI in microgravity, it can also be shown that this is the case in normal gravity.  Suvorovs et 
al. [27, 32] reported statistically significant differences in RRMI between rods with different 
cross-sectional shapes, but the same cross-sectional area.  Circular, rectangular and triangular 
shaped, mild steel rods were tested and comparisons were made for five cross-sectional sizes.  
Significantly, especially at larger cross-sectional sizes, the molten material was consistently 
observed climbing the corners/edges of the samples during burning and thus clearly altering the 
shape of the SLI.  In all cases, the magnitude of the change in observed RRMI correlated (in a 
qualitative sense) with the extent of the change in SLI shape.  The largest observed changes in 
SLI shape (and RRMI) occurred at the largest cross-sectional area tested, 28 mm2 (the cross-
sectional area of a 6-mm diameter cylindrical rod).  Images from tests at this cross-sectional size 
are presented in Fig. 5.  For the 28 mm2 cross-sectional size, it was reported that RRMI for the 
rectangular samples was 12 % higher than RRMI for the circular rods, and for the triangular 
samples it was 20 % higher.  
 
 
         (a)           (b)               (c)             (d) 
Fig. 5 – Video images of burning rods, with (a) circular, (b) rectangular, and (c) and (d) 
triangular cross-sections. Major face visible in (b); one face visible in (c); two faces visible in 
(d). White lines added to show rod extent and corners/edges. Note differences in SLI shape. 
Obtained from [27]. 
 
The samples tested by Suvorovs et al [27] were not quenched, making any post-test 
analysis of the burned samples either impossible or invalid.  However, it is possible to infer an 
approximate SLI shape from the images presented in Fig. 5, although assumptions are required 
because the rear side of the sample is not visible and information is only available at the outside 
boundary (and not the interior) of the SLI.  Similarity is assumed between the three faces of the 
triangular shaped rods, and between the two major faces of the rectangular rods.  No curvature of 
the SLI was observed when the rectangular rods were viewed end-on [27].  These assumptions 
enable the development of three-dimensional approximations of the SLI surfaces, using 
commercial computer aided design (CAD) software.  The images in Fig. 5 were used to define 
control points, which were connected using cubic splines.  The CAD software was then used to 
calculate the surface area of the inferred SLI surface.  The analysis and results are presented in 
Fig. 6, for the rectangular rods, and Fig. 7, for the triangular rods. 
 
 
 
 
Fig. 6 – Test data (from [27]) and interpreted CAD model for a rectangular, mild steel rod 
burning in oxygen at 6.9 MPa 
  
 
Fig. 7 – Test data (from [27]) and interpreted CAD model for a triangular, mild steel rod 
burning in oxygen at 6.9 MPa 
 
The SLI surface area estimates obtained from the CAD software for the rectangular and 
triangular rods are presented in Table 2.  The SLI in the circular rods, as evident in Fig. 5 (a), can 
be assumed to be planar and perpendicular to the rod centerline.  This means that for the circular 
rods, the SLI surface area is equal to the rod cross-sectional area.  Also included in Table 2 are 
the observed RRMI values normalized to those observed for the circular rods. 
 
 
 
 
 
Table 2 – SLI Surface Area Analysis 
 
Rod Shape 
ASLI 
(mm2) S
SASLI − (%) 
CIRCRRMI
CIRCRRMIRRMI
v
vv −
(%)a 
Circular 28 0 0 
Rectangular 31 11 12 
Triangular 33 18 20 
a Obtained from Suvorovs et al. [27]  
 
It is important to note that the estimated SLI surface areas presented in Table 2 for the 
rectangular and triangular rods are only first-order approximations.  The process of interpreting 
video images and developing the CAD model is likely to have introduced large errors and these 
have not been quantified.  However, this analysis may still provide useful insight into the causes 
of observed variations in RRMI between samples of different shapes.  As shown in Table 2, for 
the rectangular rods, an estimated 11% change in SLI surface area was associated with a 12% 
change in RRMI, compared to the circular rods.  For the triangular rods, an estimated 18% 
change in SLI surface area was associated with a 20% change in observed RRMI.  These results 
show good agreement with Equation 6.  When the SLI shape changed between the circular, 
rectangular and triangular rods, as shown in Fig. 5, the magnitude of the change in RRMI 
matched the magnitude of the change in SLI surface area.  Moreover, since test conditions, 
sample cross-sectional area and droplet volume did not change, it is very unlikely that the change 
in rod cross-sectional shape caused changes in the rate of oxygen incorporation, reaction extent 
or maximum temperature and hence the available energy supply rate or heat flux to the solid 
[27].  Therefore, this analysis clearly demonstrates a case where a change in RRMI was brought 
about not by a change in heat flux, but by a change in attachment geometry and available contact 
surface area at the SLI.  The apparent correlation provides strong evidence supporting 
Equation 6, even when the simple methods used to estimate the areas are considered.  This result 
suggests that, at this pressure (6.9 MPa), heat transfer across the SLI is the mechanism which 
limits the melting rate during heterogeneous burning – in normal gravity.   
This outcome and its analysis through the correlation of changes in SLI surface area and 
RRMI are conceptually identical to the microgravity work.  A change in a single test parameter 
(i.e. gravity level or cross-sectional shape) caused the shape of the SLI to be altered and a 
proportional affect on RRMI was observed.  The difference between the two (seemingly 
unrelated) experiments is that the extent of the change in SLI shape is much smaller in the work 
presented by Suvorovs et al. because the gravity force is dominant compared to the surface 
tension forces that alter the SLI shape.   
It is also important to note that if the (common) planar and perpendicular SLI assumption 
had been made in the cases of the rectangular and triangular rods, then the observed changes in 
RRMI could only have been explained by changes in heat flux, which is not physically consistent 
with the system under investigation.  This demonstrates that the assumption of a planar SLI, 
perpendicular to the sample centerline, must be made with great care as it is not appropriate in all 
cases. 
Finally, this example clearly illustrates that the work presented can be used to understand 
the very important influence of geometric parameters (like sample shape, orientation, 
configuration, etc.) on metallic material flammability.  In addition to improving the general 
understanding of metallic material flammability, it helps improve the way in which the results of 
standardized (and simplified) tests are applied in industrial situations.  There are significant 
geometric differences between the cylindrical rods typically used in flammability tests and, for 
example, valve components.  Further development of the work presented may help improve the 
safety, reliability and relevance of the use of results from standardized testing when considering 
the flammability of the more complex geometric shapes typically found in industrial situations.   
 
Applications – Space Related 
A major problem facing the designers of spacecraft oxygen systems is that metallic materials are 
often more flammable (as indicated by threshold pressure and RRMI) in microgravity than in 
normal gravity, meaning it is non-conservative to apply normal-gravity flammability data to the 
microgravity environment [6-10, 33].  This makes necessary the expensive, direct qualification 
of metallic materials and components in a microgravity environment and often forces spacecraft 
engineers to accept higher levels of risk.  To minimize the need for expensive materials 
qualification testing in a microgravity environment, there is clearly a need to improve the 
understanding of the factors that influence the way metallic materials burn under altered gravity 
conditions. 
 This work contributes to the general understanding of metallic materials burning in 
microgravity, which is essential for the safe application of normal-gravity flammability data in 
microgravity and the development of new test methods and criteria.  Fig. 4 shows that the 
proportional increase in RRMI in microgravity remains almost constant over the pressure domain 
considered.  This suggests that the extent of the increase in RRMI in microgravity may need to 
only be assessed at a single pressure, rather than at multiple pressures across the entire pressure 
domain, which may reduce the need for expensive microgravity experimentation.  More work is 
required to determine (a) whether this trend holds at lower pressures closer to the threshold 
pressure and (b) whether a similar trend applies for other metallic materials that exhibit 
heterogeneous burning.  Validating the use of microgravity RRMI obtained at only a single test 
pressure to determine how to apply the extensive normal-gravity RRMI database in microgravity 
(for a given material) would be a major contribution to flammability testing of spacecraft oxygen 
system materials. 
 
Conclusion 
It can be concluded that altered interfacial geometry at the SLI, which results in a larger contact 
surface area for heat transfer between solid and liquid phases, causes the higher RRMI values 
that are typically observed for metals burning (heterogeneously) in microgravity.  The change in 
SLI shape is due to the action of surface tension forces that become unopposed by gravity at the 
onset of microgravity.  Surface tension is temperature dependent and, since the temperature at 
the outer boundary of the SLI is constant at the solid’s melting temperature, the extent of the 
change in SLI shape – and, hence, the extent of the change in RRMI – is constant over the 
pressure domain.  There is an (approximately) proportional relationship between RRMI and the 
ratio of SLI surface area to cross-sectional area.  Further, it has been shown that the rate-limiting 
mechanism for melting and burning (during heterogeneous burning) is heat transfer across the 
SLI, which is limited by the total SLI surface area.  This applies at least for iron burning at 
pressures of 1.4 MPa to 6.9 MPa (200 psia to 1000 psia), and may apply for other metallic 
materials that exhibit heterogeneous burning.  This result was shown to be consistent with 
changes in RRMI due to geometric changes (e.g. sample cross-sectional shape) in normal 
gravity.  In this way, the work represents a contribution to understanding the link between 
geometric parameters (such as sample shape, size, configuration, orientation, etc.) and 
flammability, which may improve the way in which results from standardized flammability tests 
are applied in more complex real-world situations. 
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